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Abstract 
 
The microstructure-property relationship for a NbTi-microalloyed ferritic steel was studied as a 
function of thermo-mechanical schedule using a Gleeble 3500 simulator, optical and scanning electron 
microscopy, and atom probe tomography. Contributions to the yield stress from grain size, solid 
solution, work hardening, particle and cluster strengthening were calculated using the established 
equations and the measured microstructural parameters. With a decrease in the austenite deformation 
temperature the yield stress decreased, following a decrease in the number density of  > 20 nm Nb-rich 
particles and  5 nm Nb-C clusters, although the grain refinement contribution increased. To achieve 
the maximum cluster/precipitation strengthening in ferrite, the austenite deformation should be carried 
out in the recrystallisation temperature region where there is a limited tendency for strain-induced 
precipitation. Based on the analysis of cluster strengthening increment, it could be suggested that the 
mechanism of dislocation-cluster interaction is closer to shearing than looping. 
 
Keywords: microalloyed steel, thermo-mechanical processing, mechanical properties, electron 
microscopy, atom probe tomography 
 
 
 
Introduction 
 
The high strength low alloy (HSLA) steels are widely used in construction, oil and gas 
transportation, and production of heavy machinery, and cover approximately 12 % of the world steel 
production. Due to high loading in service, the requirements to steel strength and toughness are high, 
which are achieved by the careful selection of steel composition (in particular by additions of Nb, Ti, V, 
Mo) and the microstructure conditioning during processing [1-6]. The strengthening effect of Nb 
microalloying on steels occurs mainly via three microstructural mechanisms: ferrite grain refinement 
due to austenite grain boundary pinning, retardation of recrystallisation, and precipitation strengthening. 
Earlier research has shown that an increase in the Nb content leads to an increase in steel strength [7-
10], and, in particular, the precipitation strengthening increment to the yield stress [11 - 18] (Table 1). 
When the strengthening increment is attributed to the Ashby-Orowan type mechanism, where 
dislocations bow between spherical-shaped obstacles, the strengthening increment may be considered 
as directly proportional to the square root of precipitate volume fraction, and inversely proportional to 
the precipitate diameter [10]. This offers a considerable range in the extent of possible strengthening via 
Nb precipitate dispersions, since the precipitate size and number density depend on the steel composition 
and the thermo-mechanical processing (TMP) parameters [3, 19-21]. As can be seen from Table 1, for 
the same steel composition the precipitation strengthening increment may vary by 4.5 times (from 20 
MPa to 180 MPa [14]) following a variation in the TMP schedule. In particular, the strengthening 
increment increased with a decrease in coiling temperature [13] and with an increase in cooling rate 
[15]. Normalising in the austenite temperature region (about 900 C) usually led to a decrease in the 
precipitation strengthening increment due to particle coarsening [11, 18]. The strengthening increment 
was observed increasing with Ti additions [11]. However, formation of coarse TiNb(C,N) particles may 
lead to the retardation of precipitation of fine Nb(C,N) particles [6, 22-24] and a decrease in the 
precipitation strengthening effect. The relative influence of Nb precipitation in the austenite versus 
precipitation in the ferrite on strengthening has been addressed [16]; although the study did not result in 
a clear conclusion as to whether the austenite or ferrite precipitation is more effective. Here we 
investigated this problem for a NbTi-microalloyed steel: (i) the Nb precipitation kinetics in austenite 
and ferrite (studied recently for this steel [25]) was modified via a variation in deformation temperature 
during TMP; (ii) the contributions to yield stress were estimated using empirical relationships and 
measured microstructural parameters (ferrite grain size, NbTi-rich precipitate size distribution and 
number density, Nb-C solute atom cluster dispersion, and ferrite matrix composition). The relative 
influence of the microstructural parameters, in particular the Nb-C atom clustering, on strength is 
discussed.  
 
Material and Experimental Techniques 
 
A NbTi-microalloyed steel of composition 0.081C, 1.20Mn, 0.27Si, 0.021Ni, 0.019Cr, 0.1Mo, 
0.016Cu, 0.037Al, 0.064Nb, 0.021Ti, 0.003V, 0.001S, 0.012P, and 0.0047N (wt. %) was provided by 
BlueScope Steel Ltd. Samples of size 10x15x20 mm were cut from the quarter-thickness position of a 
230 mm thick continuously cast slab for TMP simulations. The TMP was carried out using a Gleeble 
3500 thermo-mechanical simulator. Six TMP schedules were studied (Figure 1). The process involved 
the following steps: 
 heating at 5 Cs-1 heating rate to 1250 °C and holding at this temperature for 300 s,  
 cooling to 1100 °C at 1 Cs-1 cooling rate, 
 a single hit of roughing deformation to 0.35 strain at 1100 °C at 5 s-1 strain rate, 
 cooling to 1075 °C, 975 °C or 825 °C at 1 Cs-1 cooling rate, 
 a single hit of finishing deformation to 0.75 strain at 1075 °C, 975 °C or 825 °C at 5 s-1 strain rate; 
 cooling to 800 °C (which is above the austenite to ferrite transformation temperature, A3 ≈ 775 °C, 
[26]) at 1 Cs-1 cooling rate and water quenching to room temperature, or cooling to 600 °C (which 
is below A3) at 1 Cs
-1 cooling rate, holding for 300 s, and then air-cooling to room temperature. 
The three finishing deformation temperatures of 1075 °C, 975 °C and 825 °C were chosen because 
they are respectively above, near and below the recrystallisation stop temperature (Tnr ≈ 975 °C [26]). 
Hereafter, the conditions corresponding to those samples quenched from 800 °C are designated as 1075-
800, 975-800 and 825-800, whereas those samples studied after holding at 600 °C are designated as 
1075-600, 975-600 and 825-600. Microstructural investigations of the TMP samples were conducted on 
samples cut parallel to the plain-compression plane (ND-CD plane). 
Optical microscopy was carried out by using a Leica DMRM microscope equipped with Leica 
Application Suite (LAS) 4.0.0 image processing software. For the determination of the ferrite grain size 
distributions, 800-1000 grains were imaged from the mid-thickness position of each TMP sample. 
Measurements of the average grain size were carried out using Leica Grain Expert software.  
Electron microscopy of NbTi-rich precipitates for the six TMP conditions was carried out by using 
JEOL 7001F FEG scanning electron microscope (SEM) operating at 5 kV. SEM sample preparation 
included polishing with diamond suspensions and slight etching with 2% Nital. For the determination 
of particle size distributions and number density values, 60 - 270 particles (depending on TMP 
condition) were measured. The energy dispersive X-ray spectroscopy (EDS) semi-quantitative point 
analysis of NbTi-rich precipitates was carried out using an AZtec 2.0 Oxford SEM EDS system. For the 
determination of particle compositions 20 - 25 particles were analysed for each TMP condition. 
Three samples after the 600 °C hold were investigated using Atom Probe Tomography (APT). A 
standard two-stage electropolishing technique [27] was used for the preparation of APT samples. The 
data collection was carried out using a Cameca Local Electrode Atom Probe (LEAP™), operating at a 
temperature of 20 K and a pulse fraction rate of 20% [28]. Volumes free of visible solute atom 
segregation were selected for determination of the matrix composition, after background noise 
subtraction. The maximum separation envelope method [29] was used for evaluation of the Nb-C 
clustering, using a value of dmax = 1 nm and Nmin = 20. The Guinier radii, rG, of clusters/fine precipitates 
were calculated from radii of gyration, lg, data using the equation rG = √5/3 ∙ lg [29].   
Vickers microhardness was measured for the three 600 °C hold TMP conditions using a Struers 
DuraScan testing machine with 0.1 kg load. 
 
Results 
  
Optical microscopy of low temperature microstructures   
The microstructure of the steel after holding at 600 °C and slow cooling consisted of ferrite and 
pearlite (Figure 2). The average ferrite grain size decreased with a decrease in the finishing deformation 
temperature from 13 ± 8 m for 1075-600 to 11 ± 7 m for 975-600 and to 9 ± 4 m for 825-600 TMP 
schedule. The second phase (pearlite) content was measured to be at a level of 4 - 5 % for all three 600 
°C hold TMP conditions. 
 
SEM study of precipitates 
SEM revealed the presence of precipitates with diameters ranging between 20 – 170 nm for all six 
TMP conditions (Figure. 3). The average precipitate diameter, number density and chemistry varied with 
the deformation temperature and cooling conditions. The analysis of precipitate chemistry (Figure 4) and 
diameter distributions (Figure 5) resulted in separation of all the particles into two size groups: > 70 nm 
size and < 70 nm size. Particles in the > 70 nm size range were cuboidal (TiNb)(C,N), ellipsoidal Nb(C,N) 
or ellipsoidal NbC (Figures 4a - c). Particles in the < 70 nm size range were mainly spherical NbC (Figure 
4d). After all studied TMP schedules, all particles in the < 70 nm size group were Ti free. The particle 
size, morphology and chemistry observed in this work correspond to those reported for similar steel 
compositions [17, 30-33]. In the low temperature austenite (Table 2): 
 a maximum of the > 70 nm particle number density and volume fraction was observed for the 975 
– 800 schedule; 
 a maximum of the < 70 nm particle number density and volume fraction was observed for the 
825 – 800 schedule; 
 the maximum amount of Nb(C,N) / NbC particles in the > 70 nm size group was observed for the 
975 – 800 schedule; 
In the ferrite (Table 2): 
 a maximum of the particle number density and volume fraction in both size groups was observed 
for the 975 - 600 schedule; 
 the maximum amount of Nb(C,N) / NbC particles in the > 70 nm size group was observed for the 
975 – 600 schedule. 
With a decrease in the deformation temperature a variation in the particle volume fraction between 
ferrite and austenite decreased, i.e. the number of particles that precipitated during the austenite to ferrite 
transformation and in ferrite decreased with a decrease in the deformation temperature.  
 
APT study of atom clusters 
The APT study revealed the presence of Nb-containing solute atom clusters and very fine 
precipitates with diameters in the range of 3 - 13 nm (Figure 6, Table 3). The chemical composition of 
these clusters varied with their size such that larger clusters contained less Nb. The Nb-C cluster / fine 
precipitate number density decreased with a decrease in the deformation temperature. The analysis of 
matrix composition revealed a slight increase in the C content in solid solution with a decrease in the 
deformation temperature (Table 4). 
 
Mechanical properties  
The ferrite microhardness was measured to be 197±14 VHN for the 1075 – 600, 186±13 VHN for 
the 975 – 600 and 174±7 VHN for the 825 – 600 schedule. To transform the hardness values into the 
corresponding yield stress values, a correlation equation, YS = 2.4 x HV, was determined in this work 
by using a linear approximation of the published data (Figure 7). In each literature source used [30, 34-
36], the microhardness and the yield stress had both been measured and the steel chemistries, ferrite-
pearlite microstructures and processing conditions were similar to those in this work. The microhardness 
- yield stress correlation coefficient obtained here (2.4) is within the range of values (2.4 – 2.7) reported 
previously for other steel grades and processing conditions [20, 37-40]. Using the measured 
microhardness values, the average yield stress, y, was calculated to be 473±34, 446±31 and 417±17 
MPa for the 1075 – 600, 975 – 600 and 825 – 600 schedules, respectively.  
 
Discussion 
 
Development of Nb precipitation diagram 
In the present work a Nb time-temperature-precipitation (TTP) diagram for the X70 steel was required 
to understand the influence of the TMP schedule on precipitation. Although a number of diagrams have 
been published in the literature, a diagram was not available for the steel composition and strain levels 
studied here. Therefore, the TTP diagram was obtained for the present work by using a linear 
approximation of the published data for similar steel compositions (Figure 8). The diagram determination 
was carried out in the following way: (i) equilibrium precipitation start and finish temperatures of Nb(C,N) 
were assumed to be 1100 °C and 800 °C respectively according to [41-44]; (ii) the first approximation of 
Nb(C,N) precipitation diagram was drawn on the bases of [45-47] for a steel containing 0.08C-0.064Nb-
0.0047N deformed to 0.33 strain; (iii) due to the strain increasing the dislocation density and enhancing 
precipitation, a time step based on [41, 48, 49] in the direction of shorter times was applied to the TTP 
diagram after (ii) to reflect a higher strain (0.75) experienced by our steel; (iv) due to presence of Ti 
retarding Nb precipitation, following a decrease in free N and Nb and precipitation of TiN or TiNb-rich 
complexes, a time  step based on [22, 23] in the direction of longer times was applied to the TTP diagram 
after (iii) to reflect presence of 0.021 wt.% Ti in our steel. 
 
Influence of TMP schedule on Nb precipitation kinetics 
In the analysis of the influence of TMP on Nb precipitation the following assumptions were made 
(Figure 9): (i) the precipitation of Nb(C,N) starts when the time-temperature curve of the TMP schedule 
crosses 1100 °C; (ii) the 1075 °C temperature of finishing deformation is too high to initiate strain-induced 
precipitation, due to quick annihilation of dislocations; and (iii) strain-induced precipitation starts after the 
finishing deformation at 975 °C or 825 °C, according to the TMP schedule. 
As the cooling rate is similar for all schedules, the time available for precipitation in austenite is similar 
(about 200 s from the point of crossing the start C-curve of TTP diagram for non-deformed condition to 
800 °C, Figure 9). However, the particle parameters varied with the deformation temperature (Table 2), 
which is related to the variation in precipitation kinetics after straining. Thus, at the 1075 – 800 schedule 
strain-induced precipitation did not occur, which corresponds to a minimum of the Nb-rich particle total 
number density and volume fraction in austenite. The maximum time period available for strain-induced 
precipitation (about 175 sec, Figure 9) occurred for the 975 – 800 schedule. However, this sample had 
the lowest particle number density and volume fraction of < 70 nm particles, and the highest number 
density and volume fraction of > 70 nm particles. Obviously, the existing particles were growing at a 
greater rate, due to enhanced Nb diffusion, than new particles were precipitating. For the 825 – 800 
schedule, the time of strain-induced precipitation was shorter (about 25 sec, Figure 9), compared to that 
for the 975 – 800 schedule, and the diffusion and dislocation annihilation were slower due to a lower 
processing temperature, compared to that for the 975 – 800 schedule. Therefore for particles > 70 nm, 
the number density and volume fraction were lower than those for the 975 – 800 schedule; and the < 70 
nm particle number density and volume fraction were greatest for the 825 – 800 schedule. 
After holding in ferrite (about 500 s compared to the 800 °C TMP schedules) both the particle 
number density and volume fraction increased for all three schedules due to a longer total precipitation 
time. However, the precipitation kinetics in ferrite varied with the deformation temperature in austenite. 
The highest particle number density and volume fraction in both size ranges occurred after the 975 – 
600 schedule due to a longer time for strain-induced precipitation. However, a variation in the particle 
number density and volume fraction between ferrite and austenite (i.e. the number of particles 
precipitating in ferrite) was observed to be higher for the 1075 – 600 schedule. This can be explained by 
the following: for the 1075 – 600 schedule the precipitation in austenite proceeded according to the TTP 
diagram for non-deformed condition and progressed slowly during cooling; this resulted in a higher Nb 
content remaining in the matrix after the austenite to ferrite transformation; consequently, a higher 
amount of Nb precipitated in ferrite (compared to other schedules where strain-induced precipitation 
occurred). 
 
Estimates of microstructural contributions to yield stress 
Using the measured microstructural parameters and established empirical equations, we have sought 
to estimate the various microstructural contributions to strength. We have considered the influence of 
grain size, solid solution strengthening, clustering, precipitation and work hardening. These are now 
presented in turn.  
The relationship between the average ferrite grain size, d, and the grain size strengthening increment, 
gs, can be quantified using the Hall – Petch equation: 
σgs = σ0 + k ∙ d
−1/2 ,  (1) 
The lattice friction stress, 0, may vary by up to 4.5 times, mainly due to the presence of solid 
solution strengthening elements (in particular free carbon), and was reported being in the range of 15 - 
70 MPa [10, 50-53]. The grain size strengthening coefficient, k, insignificantly (up to 9 %) varies with 
steel composition, temperature and strain rate, and was reported being in the range of 21.4 – 23.5 
MPamm1/2 [10, 50-53]. In the present work 0 = 15 MPa and k
 = 21.4 MPamm1/2 were accepted for 
pure iron [53], due to the carbon content and dislocation density being low in the studied steel and the 
effect of solid solution strengthening being calculated using a separate equation. Such an application of 
the Hall-Petch equation allowed to evaluate only the influence of ferrite matrix grains. The grain size 
strengthening contribution to the yield stress was calculated to be 204, 220 and 240 MPa for the 1075 – 
600, 975 – 600 and 825 – 600 schedules, respectively (Table 5). The grain refinement contribution to 
the yield stress increased with a decrease in the deformation temperature due to the corresponding 
decrease in the average ferrite grain size. A possible increment to the yield stress from the pearlite was 
neglected due to the low measured amount of this phase (4 - 5 %). 
The solid solution strengthening from Mn and Si can be estimated from the following empirical 
relationship [10]: 
ss = 83CSi + 32CMn ,   (2) 
where CSi and CMn are Si and Mn contents (wt. %) in the ferrite matrix respectively. The matrix contents 
of Si in wt. %, as calculated from the APT data in at. %, were 0.25, 0.28 and 0.27 wt. % for the 1075 – 
600, 975 – 600 and 825 – 600 schedules, respectively. The Mn content was calculated to be 0.73, 0.48 
and 0.61 wt. % for the 1075 – 600, 975 – 600 and 825 – 600 schedules, respectively. This translates to 
a solid solution strengthening increment of 44, 39 and 42 MPa for the 1075 – 600, 975 – 600 and 825 – 
600 schedules, respectively (Table 5). 
Precipitation strengthening from the precipitates was estimated using the Ashby-Orowan equation 
[10], which assumes that dislocations cannot penetrate the obstacles, but rather loop around them: 
∆ps=
10.8√f
D
ln (
D
6.125∙10-4
)   (3) 
where f is the particle volume fraction and D is the particle diameter in m.  
Values for the precipitate dispersions, as measured using SEM imaging (Table 2), were used to estimate 
the following values of precipitation strengthening increment: for the < 70 nm particles – 51, 62 and 45 
MPa for the 1075 – 600, 975 – 600 and 825 – 600 schedules, respectively; and for the > 70 nm particles 
– 28, 28 and 24 MPa for the 1075 – 600, 975 – 600 and 825 – 600 schedules, respectively (Table 5). A 
variation in the yield stress contribution from the NbTi-rich particles followed a variation in the particle 
number densities (Table 2). 
The work hardening contribution to the yield stress can be estimated using the long range work-
hardening theory [54]: 
   (4) 
where  = 0.5 is a constant, G = 85000 MPa is the shear modulus, b = 0.286 nm is the Burgers vector 
and  is the dislocation density. The dislocation density was not measured in this work. However, an 
analysis of the literature for similar steel compositions and processing parameters [55-59] suggested a 
dislocation density of about 1·1014 m-2 in the studied steel. Based on this value, the work hardening 
increment to the yield stress was estimated to be 19 MPa for all three 600 °C hold TMP conditions. 
The cluster strengthening increment to the yield stress, cl, can be estimated via subtraction of the 
grain size, solid solution, particle strengthening and work hardening contributions from the measured 
yield stress: 
cl = y – (gs + ss + ps + wh).  (5) 
Substitution of the previously estimated contributions into equation (5) gives the cluster 
strengthening increment of 127, 78 and 47 MPa for the 1075 – 600, 975 – 600 and 825 – 600 schedules, 
respectively. 
With an increase in the deformation temperature the measured microhardness (yield strength) 
increased, although the grain refinement contribution to the yield stress decreased following an increase 
in the grain size. This trend in microhardness (yield strength) can be attributed to an increase in the 
precipitation strengthening and cluster strengthening increments, which follow an increase in the amount 
of precipitation in ferrite with an increase in the deformation temperature. The precipitation 
strengthening increment observed in this work (70 – 90 MPa) corresponds to the earlier reported data 
for steels with ferrite-pearlite (Table 1), ferrite-bainite (73 MPa [60]) and ferrite/bainite/martensite (57 
– 98 MPa [61]) microstructures. The cluster strengthening effect observed in this work (47 – 127 MPa) 
corresponds to the earlier reported data for steels with ferrite/bainite/martensite microstructures (24 – 
100 MPa [61]); however, it was lower than that in a 0.08 wt. % Nb microalloyed steel with a fully 
bainitic microstructure (165 MPa [62]). This can be explained by a lower number of potential 
dislocation-cluster interaction sites in the steel studied here compared to [62]: (i) the presence of Ti in 
the steel studied here led to formation of coarse TiNb(C,N) particles which reduced the Nb content in 
the matrix available for atom clustering and, together with a lower Nb content in the steel studied here 



 Gb
2
wh
(0.06 wt. %), resulted in > 10 times lower cluster number density than in [62] (< 60 x 10-6 nm-3 here vs 
715 x 10-6 nm-3 in [62]); and (ii) the dislocation density in the slowly cooled ferrite-pearlite 
microstructure studied here (1014 m-2) is about 10 times lower than the dislocation density which might 
be expected in a quickly cooled fully bainitic microstructure (1015 m-2 [63]) studied in [62]. 
 
Calculation of cluster strengthening increment 
This work and related literature [61, 62] indicate that the relative potency of Nb solute atom clusters 
and nanoscale precipitates as strengthening agents is high, although the mechanism of dislocation-
cluster interactions leading to this strengthening potency is still not fully understood and requires a 
separate investigation. The analysis of our APT data did not show any obvious crystallographic 
arrangement of the atoms in the Nb-C clusters, and a variable Fe-Nb-C composition (Figure 6, d). Here 
we have chosen to estimate the strengthening effect from the Nb-C solute atom clusters assuming the 
dislocation-cluster interaction mechanism being: (i) shearing of coherent precipitates possessing 
crystallographic arrangement of atoms (the calculation carried out using the order strengthening 
relationship); and (ii) looping around incoherent precipitates (the calculation carried out using the 
Ashby-Orowan equation). 
The order strengthening relationship was used in the following form [64]: 
  ∆σc1 = 0.81 ∙ M ∙
γ
2b
∙ (
3πf
8
)0.5 .   (6) 
Here, M = 2 is the matrix orientation factor, b = 0.286 nm is Burgers vector, γ is the matrix-cluster 
interface energy and f is the cluster volume fraction. The interfacial energy was calculated previously to 
be 0.5-1.5 Jm-2 for the Fe – C interface [65], ~3 Jm-2 for the Fe – Nb interface [65], and ~1 Jm-2 for the 
Fe – NbC interface [66]. For our Nb-C clusters enriched in carbon we assumed: γ = 1 Jm-2.  
For the Nb-C clusters (Table 3), the cluster strengthening increment calculated using equations (3), 
(5) and (6) is presented in Table 6. The cluster strengthening contribution decreased with a decrease in 
the deformation temperature following a decrease in the cluster number density. The values of cluster 
strengthening increment calculated using the selected models and the measured parameters of clusters 
are significantly higher than those predicted using the measured yield stress. This could be explained if: 
(i) the cluster number density was overestimated as a result of their non-uniform distribution and small 
volume of APT data analysis, and (ii) not all the clusters equally participated in the dislocation-cluster 
interaction process due to a reduced dislocation density. The values of cluster strengthening increment 
obtained for the assumption that the dislocation-cluster interaction mechanism resembles shearing of 
coherent precipitates showed the closest match to the values predicted using the measured yield stress. 
This may indicate that the dislocation-cluster interaction mechanism resembles shearing, although atoms 
in the clusters do not form the same strength bonds as atoms in the crystal lattice of a precipitate. A more 
detailed investigation and the development of equations to describe the mechanism of dislocation-cluster 
interaction are required to support this suggestion. 
 
Conclusions 
 
This study of Nb precipitation, microstructure-property relationships and cluster strengthening in NbTi-
microalloyed steel resulted in the following conclusions: 
1. A maximum rate of Nb precipitation in austenite occurred at an intermediate deformation 
temperature (975 °C for the studied steel), which corresponds to the nose temperature of the 
time-temperature-precipitation diagram (C-curve) of Nb(C,N), due to the balance between the 
relatively high diffusion rate, and the relatively low dislocation annihilation rate. 
2. With an increase in the austenite deformation temperature, the amount of precipitation in 
austenite decreased due to a decreased tendency for strain-induced precipitation as a result of an 
increase in both Nb solubility and dislocation annihilation rate. With an increase in the austenite 
deformation temperature the amount of precipitation in ferrite increased, due to a larger Nb 
content available in solution below the austenite to ferrite transformation temperature. 
3. The precipitation strengthening increment was observed to be in the range of 47 – 127 MPa from 
 5 nm Nb-C clusters and in the range of 70 – 90 MPa from > 20 nm Nb-rich particles. To 
achieve a maximum strengthening in practice a thermo-mechanical processing schedule should 
prevent high temperature precipitation of Nb, and therefore should be individually correlated to 
the steel composition. 
4. Analysis of the predicted values for the cluster strengthening increment suggests that the 
dislocation-cluster interaction mechanism resembles shearing. A development of the theory for 
cluster strengthening mechanism is required. 
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Figure 1. The schematic diagram of thermo-mechanical processing. 
 
 
Figure 2 Representative optical image of the ferrite-pearlite microstructure in the studied steel 
(975 – 600 TMP schedule) 
 
 
Figure 3. Representative SEM images of TiNb- and Nb-rich precipitates for the six studied TMP 
schedules: (a) 1075 – 800, (b) 975 – 800, (c) 825 – 800, (d) 1075 – 600, (e) 975 – 600, (f) 825 – 600. 
 
 
 
Figure 4. Typical SEM micrographs and corresponding EDS spectra of  
coarse (a) TiNb(CN), (b) Nb(CN), (c) NbC and (d) fine NbC particles. 
 
a b c
d e f
TiNb(CN)
Nb(CN)
1 m
100 nm 100 nm
100 nm 50 nm
c d
a b
 
 
Figure 5. Nb-rich particle distributions in (a) austenite (samples quenched from 800 °C)  
and (b) ferrite (samples slow cooled after holding at 600 °C). 
 
 
 
 
 
Figure 6. Representative (a) C and (b) Nb atom maps, (c) selected map of Nb-C clusters and (d) a 
variation in the cluster composition with cluster size (all for the 1075 – 600 TMP schedule). 
 
 
 
 
 
 
20 nm
a b
c
d
a b 
 
Figure 7. Determination of the HV microhardness – yield stress correlation equation for the studied 
steel and processing conditions using the literature data. 
 
 
 
 
Figure 8. The estimated Nb(C,N) TTP diagram for the X70 steel  
(deformed condition is 0.75 strain). 
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Figure 9 TMP processing schedule correlation to the Nb(C,N) TTP diagram  
for the (a) 1075 °C, (b) 975 °C and (c) 825 °C finishing deformation temperatures  
(zero time corresponds to the point of crossing 1100 °C during cooling, i.e. time when the TTP 
diagram for non-deformed condition starts; closed circles denote deformation temperatures and times, 
i.e. times when the TTP diagram of strain-induced precipitation starts) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1. Increment to the yield stress from Nb microalloying in steels with ferrite-pearlite microstructure 
Steel composition, wt % Processing YS,  MPa Ref. 
0.07 C – 0.04 Nb – 0.009N Commercially hot rolled at 1080 – 890 C 59 [11] 
0.04 C – 0.064 Nb Laboratory rolled below 1100 C 40 - 85 [12] 
0.06 C – 0.056 Nb – 0.0059N Laboratory deformed at 1100 C 60 - 180 [13] 
0.20 C – 0.090 Nb – 0.005 N Normalized at 925 – 1200 C 20 - 180 [14] 
0.023 C – 0.34 Nb - 0.0098 N Forged at 1180 – 910 C 71 - 210 [15] 
0.12 C – 0.06 Nb – 0.05 Ti Commercially hot rolled 65 - 112 [16] 
0.052 C – 0.088 Nb – 0.047 
Ti - 0.009 N 
Normalized at 1000 – 1200 C 40 - 180 [14] 
0.06 C – 0.08 Nb – 0.07 Ti Commercially rolled and coiled at 650 C 190 [17] 
0.07 C – 0.086 Nb – 0.047 Ti 
– 0.007N 
Commercially rolled and coiled at 640 C 230 [18] 
0.11 C – 0.04 Nb – 0.008N - 
0.11 Ti 
Commercially hot rolled at 1045 – 895 C 210 [11] 
 
 
Table 2. Variation in the NbTi-rich particle parameters with TMP schedule  
Finish processing temperature, °C 800 (austenite) 
Deformation temperature, °C 1075 975 825 
Particle size range, nm < 70 >70 < 70 >70 < 70 >70 
Chemistry, % 
of total amount  
Nb(C,N) and NbC 100 29 100 77 100 20 
TiNb(C,N) 0 71 0 23 0 80 
Number density, m-2 0.36 0.20 0.31 0.31 0.93 0.23 
Average diameter, nm 41±15 93±15 41±16 117±25 31±12 109±25 
Volume fraction* 
0.0006 0.0012 0.0005 0.0036 0.0008 0.0023 
0.0018 0.0041 0.0031 
Finish processing temperature, °C 600 (ferrite) 
Chemistry, % 
of total amount 
Nb(C,N) and NbC 100 33 100 75 100 20 
TiNb(C,N) 0 67 0 25 0 80 
Number density, m-2 1.44 0.33 2.23 0.31 1.15 0.22 
Average diameter, nm 41±12 98±17 34±12 110±20 35±12 103±25 
Volume fraction* 
0.0021 0.0026 0.0024 0.0031 0.0013 0.0019 
0.0047 0.0055 0.0032 
Variation in volume fraction between 
ferrite and austenite 
0.0029 0.0014 0.0001 
* the area fraction of particles, measured using SEM imaging, can be assumed equal to the volume 
fraction of particles for the high number of particles studied in this work 
 
Table 3. Variation in the Nb-rich cluster parameters with TMP schedule determined from APT data 
and calculated based on the number of atoms. 
TMP  
schedule 
C, at % Nb, at % Fe, at % rG, nm 
Number 
of atoms 
in cluster 
Number 
density, 
x10-6 nm-3 
1075-600 
62.6±8.6 35±8.5 2.3±1.6 2.5±0.2 24-41 
60 64.7±3.9 24.4±3.7 10. 6±1.8 3.4±0.9 22-693 
69.5±5.3 17.6±4.7 11.9±2.7 3.1±1.3 28-906 
975-600 
50.9±9.3 46.0±9.3 3.1±2.5 1.9±0.3 24-35 
50 
65.7±6.9 31.3±6.8 2.8±1.5 2.2±0.5 22-203 
73.3±7.3 23.2±6.9 3.5±2.3 2.1±0.4 20-85 
86.3±5.7 10.5±5.1 3.0±1.9 1.8±0.3 20-70 
825-600 
59.4±6.8 35.6±6.7 4.5±2.9 2.0±0.8 26-79 
34 69.9±5.1 24.6±4.9 5.1±1.8 2.8±1.0 33-446 
65.3±4.2 15.8±3.4 17.9±3.0 3.3±1.3 21-601 
 
 
Table 4. Variation in the ferrite matrix composition with TMP schedule determined from APT data 
and calculated based on the number of atoms (iron is balance). 
  
Element concentrations, at% 
C  Al  V  Si  Mn  Mo  Cr  P  Cu  Nb  Ti  
Nominal  0.374 0.076 0.003 0.534 1.213 0.058 0.02 0.022 0.014 0.038 0.024 
1075-600 
0.011 
±0.001 
0.088 
±0.003 
0.002 
±0.001 
0.594 
±0.008 
0.879 
±0.010 
0.026 
±0.002 
0.033 
±0.002 
0.050 
±0.002 
0.001 
±0.001 
0.001 
±0.001 
0.001 
±0.001 
975-600 
0.015 
±0.001 
0.105 
±0.002 
0.004 
±0.001 
0.651 
±0.004 
0.582 
±0.004 
0.040 
±0.001 
0.033 
±0.001 
0.046 
±0.001 
0.006 
±0.001 
0.009 
±0.001 
0.003 
±0.001 
825-600 
0.017 
±0.001 
0.092 
±0.003 
0.002 
±0.001 
0.623 
±0.007 
0.725 
±0.007 
0.075 
±0.002 
0.028 
±0.001 
0.020 
±0.001 
0.004 
±0.001 
0.002 
±0.001 
0.002 
±0.001 
 
 
 
Table 5. Contributions to the yield stress calculated using the measured microstructural parameters and 
measured microhardness 
 
 
 
 
 
 
 
 
TMP 
schedule 
Calculated contributions to the yield stress, MPa Measured 
hardness, 
HV 
YS  
from HV, 
MPa 
grain 
size 
solid 
solutes 
precipitates disloca-
tions 
clusters 
<70 nm  >70 nm  
1075-600 204 44 51 28 19 127 197 ± 14 473 ± 34 
975-600 220 39 62 28 19 78 186 ± 13 446 ± 31 
825-600 240 42 45 24 19 47 174 ± 7 417 ± 17 
Table 6. Values of the cluster strengthening increment calculated using various relationships, MPa 
TMP 
schedule 
Estimate from 
HV, Eq. 5 
Shearing, 
Eq. 6 
Looping, 
Eq. 3  
1075-600 127 192 284 
975-600 78 175 259 
825-600 47 145 214 
 
 
